The past four years, geophysics students and faculty from Colorado School of Mines and Boise State University have studied the subsurface in the Upper Arkansas Valley, Colorado, using a combination of geological and geophysical methods. Here, we present and integrate their results from seismic, self-potential and gravity data, as well as water temperature measurements in local wells to ascertain the overall basin structure and investigate a geothermal system in the Mt. Princeton area. We conclude that a shallow orthogonal fault system in this area appears to be responsible for the local geothermal signature at and near the surface. The extent to which high temperatures exist throughout the deeper basin is still under investigation.
INTRODUCTION

Geological background
The Upper Arkansas basin is the northernmost extension of the Rio Grande Rift. This rift system starts near Leadville, Colorado and extends southward to Socorro, New Mexico, over a distance of 700 kilometers (Halley, 1978) . The north-trending rift consists of a series of four en echelon basins. From north to south these basins are the Upper Arkansas, San Luis, Espanola, and Albuquerque Basins. The Upper Arkansas Basin is the least understood of the basins as deep drill hole studies are not available, and deep seismic profiles have only become available in the last five years. An overview of the basin and its main features is presented Figure 1 . This basin is assumed to be the youngest expression of an Eocene collapse of the Laramide uplift (Tweto, 1979) , with the rifting beginning around 25 to 30 Ma. It consists in a north-northwesttrending half-graben, dipping westward, bounded between the Mosquito range on the east and the Sawatch range on the west. It is about 100 km long and 5 to 10 km wide, and can be split in a northern part close to Leadville, and a main part spanning from Poncha Springs to the north of Buena Vista. The main faults associated with the rift system are mostly of northnorthwest trend, and are older faults that were reactivated during the Oligocene and early Miocene (Tweto, 1979) . The basin is thought to be from 1000 to 3000 m deep, and is filled with Tertiary sedimentary deposits known as the Dry Union formation. They are overlayed by Quaternary glacial and fluvial deposits, as shown in the cross-section on Figure 2 . Large Dry Union outcrops are located west of Salida, at the southern end of the basin. A sample of volcanic ash was collected in the upper part of an outcrop and has been processed according to Ramezani et al. (2007) , and dated at 10.23 ± 0.024 Ma using single-grain U-Pb zircon geochronology.
In the surroundings of Buena Vista, the fault plane of the west bounding fault, or Sawatch fault, lies at the interface between the Precambrian basement, assumed to be around 1500 m deep, and an igneous intrusion, the Mount Princeton batholith, dated at 36.6 Ma. The base of Mount Princeton presents faceted spurs dipping 50 • with a strike of approximately 335 • , and are the typical expression of a normal fault. South of Chalk Creek, the base of Mount Antero is offset about 2 km west. A west-trending cross fault is inferred to be linking the two parallel north-northwest-trending faults, and might be driving the presence of the Chalk Creek river (Miller, 1999; McCalpin and Shannon, 2005) .
Geothermal expression
Continental rift systems are a representation of crustal extension, and usually linked with volcanic and seismic activity. The thinner crust coupled with faults is prone to geothermal activity. Several hot springs and wells are located troughout the Upper Arkansas valley. Important hydrothermal activity takes place at the southern base of Mount Princeton, also known as Chalk Cliffs. These cliffs are not actually chalk but kaolinite, a product of hydrothermally altered feldspar basement, and are therefore the consequence of a past heat flow. Moreover, the Mount Princeton Hot Springs (MPHS) and the Hortense Hot Springs (HHS) located nearby are the surface expression of this currently active geothermal system. All those clues show that substantial geothermal activity occurs in the Mount Princeton Hot Springs area. We are in this paper investigating the subsurface of the hot springs vicinity in order to get a better understanding of the processes leading to the geothermal activity, and to quantify the available geothermal power in the area.
The best expression of current geothermal activity is the presence of hot water flow. Well temperatures were collected from several local water wells (F. Henderson and F. Berkman, personal communication), as well as drillings performed in the seventies by AMAX Mining Co (http://smu.edu/geothermal-/georesou/08%20Data/AMAX SMUPublished07.xls). A distribution of the well bottom temperatures is presented in Fig For the purpose of our study we will focus mostly on gravity, SP, deep seismics and well temperature data. A map of the area of interest with the location of the main geophysical surveys is presented in Figure 3 .
Reflection seismics acquisition and processing
A 2-D seismic line was acquired in 2008 on county roads from west to east (see location Figure 1 ). Two sixty ton vibroseis trucks were used as a compressional source, spanning from 5 to 80 Hz in a 5 seconds sweep, with an end-on geometry. The source locations were the same as the receiver locations. For each location, 10 sweeps were generated and averaged, with a sampling interval of 2 ms. The receivers were pushed to the east. Each receiver station consisted in a string of six 10 Hz geophones with a 5 m spacing, and the station spacing was 30 m. The total length of the line is approximately 9660 m, with offsets going from 60 m to 3000 m. The line has 502 Common Depth Points (CDPs) and the average fold per CDP is 70. All receiver stations were surveyed using a Trimble GPS unit with differential correction, for a coordinate accuracy of about 3 m. The westernmost part of the line was not accessible by four-wheel vehicles, and thus the geometry was reversed with the vibroseis trucks east of the first 70 stations. However, this section of the line is not providing useful information about the geology, and it will not be considered for the rest of the discussion.
The data were processed using Landmarks ProMAX software. The processing sequence is shown in Table 1 . The refraction analysis showed the presence of a fast shallow reflector, at a depth of approximately 50 to 100 m and a P-wave velocity of 4500 m/s on the westernmost end, and a depth of 250 m and a P-wave velocity closer to 3500 m/s on the easternmost end of the line.
The resulting unmigrated stacked section is shown in Figure 4 .
Gravity acquisition and processing
Gravity data consists in two different datasets. A first gravity survey was performed along the seismic line, every 3 stations, resulting in a distance of 90 m between each reading. The measurements were done with a Scintrex CG-5 gravity meter, directly displaying a gravity value in milligals, relative to a base station measurement. A precise internal clock, combined with the base station measurements at the beginning and end of the survey allow us to correct the data for instrument drift as well as tide forces. Then a latitude correction was applied, as well as a free air, Bouguer and terrain corrections from the GPS elevation values, using the WGS 84 datum. This resulted in the Bouguer anomalies shown Figure 5 .
A Colorado statewide publicly available dataset was also used (http://pubs.usgs.gov/of/2000/ofr-00-0042/). These observed gravity data relative to the NAD27 horizontal datum and NGVD29 vertical datum were reduced to the Bouguer anomaly using the 1967 gravity formula and a reduction density of 2.67 kg/m 3 . Terrain corrections were calculated radially outward from each station to a distance of 167 km using a method developed by Plouff (1977) . Both resulting Bouguer gravity anomalies are shown in Figure 5 . The discrepancy between the two datasets is probably caused by the fact that different datums were used to reduce these data; however, both show the same trend going to the east.
Self-Potential acquisition and processing
The self-potential method is a geophysical technique that measures potential differences naturally occurring on the Earth's surface. It is especially sensitive to the unbalanced charge distribution caused by fluid streaming and electrochemical activities. The behavior of this anomalous potential is given by Poisson's equation, described as follow:
The electrical potential φ (V ) corresponds to the natural electrical potential generated by non equilibrium processes (the so called self-potential), σ is the electrical conductivity, and j s represents the source current density.
The survey was conducted by using two non-polarizing electrodes containing a copper rod immersed in a saturated solution of copper, itself contained in a porous porcelain pot, connected to a high-impedance voltmeter with copper wires. As potential measurements are always relative, all the measurement points of the survey have to be interconnected.
The resulting potential map is presented as a layer in Figure 3 .
DISCUSSION
The seismic section presented Figure 4 shows a very strong reflector at shallow depth on the western (left) side of the stack. It drops around CDP 2270, and is then still present, at a roughly constant depth. Our hypothesis is that this drop is caused by the presence of the west-bounding fault, we see a faint reflection in continuity with it. The inferred position of the fault is marked in red in Figure 4 , the surface location is around CDP 2240. Moreover, from the migrated stack the dip angle is about 45 • . Both location and dip are in agreement with the surface expression. The change of dip between the facetted spurs and the inferred fault at depth is characteristic of a listric fault, often seen in half-graben basins (Price and Cosgrove, 1990 ).
On the west side of the seismic line, the shallow reflector is assumed to be the granite basement, as Mt Princeton consists in a late Eocene igneous extrusion (McCalpin and Shannon, 2005) . The P-wave velocity of 4800 m/s obtained from refraction analysis is typical of granite and confirms this theory. This also explains why almost no energy is reflected from below. East of our inferred fault, the compressional velocity of the main reflector was found around 3500 m/s. This slower refractor might be a fast consolidated sediment layer, possibly the Dry Union Formation, overlayed by poorly consolidated Quaternary sediments.
Moreover, previous seismic sections acquired in other locations in the valley (see Figure 1) show the basement slightly dipping westward at about 2 km depth and the base of a steeply dipping footwall close to the western edge (Romani and Stolzmann, 2006) . They also found an average velocity from surface to basement ranging from 3300 to 3900 m/s in this area. The seismic line presented here is the only one extending this far west.
Both gravity surveys are showing a Bouguer anomaly decreasing eastward. This is inferred to be caused by the thickening of a lower density material in the subsurface. A combination with the seismic data leads to the main hypothesis presented Figure 6 on the geometry of the basin and its filling. The westernmost half of the line is atop shallow sediments overlaying a fast igneous intrusion, bounded on the east by a fault around CDP 2240 at the surface. The eastern part is a deep basin with Precambrian basement filled by a compacted and seismically fast sediments causing a strong reflection. The shallower layer still consists of unconsolidated sediments.
Finally, the self-potential data shows a strong anomaly just north of Chalk Creek, but in the alignment with the fault running at the base of Mount Antero facetted spur, south of Chalk Creek. Moreover, the well temperatures map shows that the river marks the southern extent of hot water flow. We can infer from this that both northwest trending faults are reaching the river, and that they are linked by a perpendicular fault running along and may be driving the river bed. This network of faults and fractures is likely easing the hot water flow and explains the restrained area where it occurs. We are planning to further Figure 6 : Schematic of the interpreted geology along the seismic line based on seismic and gravity data.
investigate this area during the 2009 field camp, and the new seismic survey will hopefully link the geologic interpretation from existing seismic lines.
CONCLUSION
The years of geophysical field camp in the Arkansas Valley have made the Upper Arkansas Valley in Colorado one of the most comprehensive studies of rift valleys from a geophysical perspective. In particular, we were able to investigate a geothermal system within the valley with an -as far as geothermal exploration goes -unprecedented suite of geophysical tools. Although the main goal was to familiarize our students with practical aspects of geophysical methods, they were put to the test to address a geological problem. Combining geophysical, geological and hydrological data, we conclude that a shallow orthogonal fault system in this area appears to be responsible for the local geothermal signature. Fluid then flows through the sedimentary layers. The extent to which high temperatures exist throughout the deeper basin is still under investigation.
